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SUMMARY

: An experimental investigation of the genersl instability of reinforced
thin—walled metal cylinders was carried out at the California Institute of
Technology. The basic parameters involved were the gpacing and sectional
properties of the stiffening elements, the wall thickness, and‘'the diame~
ter of the cylinder. An analysis of the experimental data led to a suite—
ble parameter for estimating the general-ingtability stress of reinforced
metal cylinders when subjected to pure torsion loading.

. ENTRODUCTION

" The present report deals with the experimental investigation of the
general instability of metal cylinders subjected to pure torsion loading.
Reports on other loading conditions, that is, pure bending, combined bend—
ing and transverse shear, and combined bending and tor51on, have been pub~
lished previously (references 1 to 7). : : ; :

Inasmuch as a condition of a pure torsional load seldom arises in the
design of fuselage or wing structures, ‘the problem of pure torsion as such
might not warrant ah investigation. However, under a combined loading of
bending and torsion (reference 7T) the ultimate load of the stiffened cyl—
inder is dependent on the ratio of the shearing stress at failure for com—
bined loading to the shearing stress at failure for pure torsion. Hence,
in order to predict the ultimate strength of a stiffened metal cylinder
subjected to combined bending and torsion, a knowledge of the ultimate
strength of the cylinder when subjected to a pure torsion loading is mnec- -
essary.

Because of the nonlinearity of the buckling problem of stiffened cyl—
inders (cf. references 5 and 8), no ‘attempt has been made to give a theo-
retical treatment of the problem. As given in the present report, the



e o o . - NACA TN No. 1197

parameter for predicting the ultimate strength of stiffened metal cylin—
ders subjected to torsion loads is based on an analysis of the experi-
mentel results and on the existing theory of unstiffened metal cylinders.
This method was preferred over that of a linearized theory which cannot
correctly describe the behavior of the structure. The results of a lin— -
ear theory would have to be modified and corrected to bring it into
agreement with the experimental observations and thus the theory would
immediately be rendered an empirical method.

This inveetigation was carried out by the California Institute of

Technology under the sponsorship and with the financial aseistance of
the Naticnal Advisory Committee for Aercnautics.

SYMBOLS

Mp 'applied toréional moment, inch—pounds |

Mp. . applied torsional ﬁomentvgt ékiﬁ buckling, inchépound§ .f

MTmax applied torsional moment at failﬁfe, iﬁch«pounds .

T shearing atress in the shéet'covering, pounds per square inch

T vbugkling shearMstress pfyﬁhe‘gheet qovgring, pogpds_pe; squaye(;nch

Tuax Ohearing stress in the sheet covér;ggia;vfhilure;'pounds pgr;sqﬁargt:

inch
Oy, tensile stress of diagonal-—tension field, pounds per square inch -
P ‘tension load resulting from ot acting.gfér‘a,uﬁit_éircﬁmférenﬁial,

width of sheet; mcts in the direction of . cos &, pounds

PE-.-»longitudinal'component of P, 'poﬁnds _

P,  circumferential component of P, pounds -
o  angle of diagonal-tension field with reference to a lénéitudihai '
stiffener

¢gy Strain in a longitudinal stiffener .
G shear modulus, pounds per square inch

E Young's modulus, pounds per square inch
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GE'- effective shear modulus, pounds per square inch

t thickness of sheet 6overing, inches‘

A ares enclosed by sheet cé#ering, squérg inches
R radius ‘of cjlindef! inches o

L length éf cylinder, inches

Ab~ spacing of ldnéifﬁdinais, inches

d spacing of frames, inches

’px raedius of gyration of a longitudinal and effective sheet, inches -

radius of gyiap;équof 8 ffame and effective'éﬁéet,h;nbhes»
DESCRIPTION OF APPARATUS K

All tests were conducted in the combined bendlng and tors1on maohine
of the structures laboratory at GALCIT. This machine has a maximum . .
capacity of 500,000 inch-pounds. A detailed description of the machine
is given in reference 2. A photograph (fig. 1) shows a lO~1nch~d1ameter
cylinder mounted for a pure-torsion test. :

" The w1re~strain—gage equipment, as used for the strain measurements,
has been described in reference 6. The circumferential position of the
various gages is shown in figure 2. Longitudinally the gage is mounted
at the center of the specimen. .

'TEST PROCEDURE

The test specimens were all circular reinforcéd metal cylinders,

Two slzes of specimens were tested, one series having a diameter of 32
inches and a length of 64 inches, and the other series, a diameter of 20
inches and a length of 40 inches. The sheet covering was 0.010~, 0.015-,
and 0,020~-inch—thick 24ST dural. The 'longitudinal reinforcing members
consisted of round 24ST dural tubing drawn to an elliptical shape and
the frames consisted of rectangular bars of 24ST Alclad. Longitudinals
of three different wall thicknesses and frames of two different sizes
were used. A sketch of the reinforcing members is presented in figure 3.
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A diagram showing a sheet panel bounded by two longitudinal stringers and
end mounting rings is presented in figure 4(a). The relationship of the
forces acting on an element of sheet of unit width is given in figure L(v).
In table I the sheet thickness, the reinforcing members, and their spacing
are listed for each specimen. Stress—strain curves of the materials used
in the tests are shown in figures 5 to 12. ’ '

All test specimens were tested in the combined torsion and bending
machine mentioned previously. In the pure torsion loading, the bending
ayme and one torsion arm were locked in place, the load being applied to
the second torsion arm. In all tests, shear stresses in the sheet cover—
ing were not measured, inasmuch as it was assumed that a calculation of
the shear stresses based on the classical formula

To=Mpfeat @

would be sufficiently accurate. Strain measurements of the induced
stresses in the longitudinal members were made on all specimens, the
strain measurements being made by means of electric strain gages as de—
scribed in reference 6. For e number of specimens, the unit angular
deflection ag a function of the spplied torque was measured. By measur—
ing the differential displacement between two pointers mounted cn the
cylinder, the unit angular deflection.could be calculated. The pointers
c¢onsisted of trisngular frame structures and are shown mounted on the
specimen in figure 13. -Mounting these pointers on the cylinder just in—.
board of the end-rings ensured that the entire measured deformation oc—
curred in the cylinder. ~= ' : :

The effective shear modulus was calculated in the following manner:
ir

1! length of the pointer measured from the center of the c&linder,
inches

o) measured differential displacemenf between the two pointer, inches
1 distance between the poilnters, inches

then the'ﬁnituangular-displécement is given by

o

/Q,_-_'......_..

11t

and the effective shear modulus is-
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Some attempts were made to measure the wave form of the buckled
sheet as a function of the applied torque; however, considerable diffi-
culty was encountered in these meagsurements, primarily because of the
nonuniform buckling which occurred over the cylinder. 1t was found that,
in the testing of a cylinder, buckling of individual panels, that is, a
sheet panel bounded by two frames and two longitudinals, would vary by as
much ag 100 percent. For this reason it was thought that a measurement
of the wave form and wave amplitude as a function of the applied load
would be rather meaningless. Photographs of a number of typical failures
are shown in figures 13 to 17. o

TEST RESULTS

Results of the induced longitudinal strain as a function of the ap-
plied torsional moment are shown for 17 specimens in figures 18 to 3k,
Fach curve represents the average of two strain gages mounted on dlamet~
ricelly opposite sides of the longltudinal stiffener.

The induced strain is associated with the shear buckles in the sheet
covering. It can be readily seen that upon buckling of the sheet, longi-
tudinal forces which act on the end mounting rings are introduced by the
sheet covering. These forces have & tendency to pull the end mounting
rings together and, since such a motion is resisted by the longitudinal
stiffeners, the. result i an induced strain in these members. - In the
appendix some calculations have been worked out on the magnitude of the
resulting strains. The calculated values do not agree t00 well numeri- -
cally with the measured values; however, the order of magnitude is cor—
rect. :

The resulte of induced strain as a function of applied torque have
been cross—plotted as shown in figures 35 to 46. The strain was plotted
radially outward with the cylinder circumferences as the zero reference
line. These curves indicate that in general the induced strain is dis—
tributed uniformly around the cylinder.

In addition to the foregoing test data, the measurements of the ef—
fective shear modulus as a function of the shearing stress in the sheet
covering are given in figures 47 to 53. At the lower shear—stress values,
the results are not very reliable because of the difficulty in measuring
the resulting small deflections. At the higher values of T +the results
are sufficiently accurate to indicate the order of magnitude of the
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effective shear modulus which may result in an actual structure. It is
of interest to note that the effective shear modulus Gy is considerably

less than 0.625G, which i1s the theoretical value for the fully developed
diagonal-tension field of a flat plate.

_ : In»presenting_these experimentél data,‘it would be more apporpriate
to use the ratio T/T,, rather than T or Mp since all the measured

. quantities are associated with buckling. . However, as previously men—
tioned, for the cylinders tested, buckling.did not occur uniformly over
the cylinder at a definite load. The buckling process was progressilve
and uniform buckling occurred, for some specimens, at more than twice the
load at which the first buckles appeared. . For this reason, it was not
possible to establish a definite observed buckllng value.

In determining a parameter for predicting the general 1nstab111ty
failure in torsion, the same general procedure was followed as was used
in the pure~-bending investigation of reference 5. The variables to be
considered are the same as those of the pure-bending problem and can
again be divided into two groups, namely, those dealing with the geom-
etry of the structure and those .involving the sectional properties. of
the stiffening elements as well as the sheet covering. :The geometrical’
variables are the longitudinal spacing b, the frame gpacing - &, =~ the
diameter, and the length of the cylinder, The second group of: variables
includes the section properties of the longitudinals and frames and the
, thickness of the sheet covering..a ' R : . o

A number of speclmens were te ted in which the geometrical variables
b ‘and 4. were.systematically varied while R was-kept constant: and
equal: to 16 inches, The results of these tests yielded a family -of .
curves as shown in figure 54 where: the shearing stress in ‘the.sheet ccva
ering at failure is plotted as & function. of the longitudinal spacing b
for constant values of d/b.. An examihation of these curves indicates
that, if the abscissa value of each curve. is multiplied-by-an appropriate
expansion factor X, all curves can be made 1o coincide with, for eiam~
ple, the curve of d/b equal to 0.394. A log~log plot of the expanoion

factor K as’a function of d/b indicated that’ K varies as ,Jh/b _
plot of l/K a8 a functlon of. l//rmb gives the linear variation 1ndi«
cated in figure 55. A plot of  Tyax ‘as & function of ,/bd -ls -shown.in

figure 56 and indicates that the test results scattér about ‘a common
curve.

. .- The ‘next question is, in what manner does the radius R influence
the failing load? For the buckling of unstiffeéned cylinders subjected
to pure torsion, ‘the experimental results of reference 9 indiceate ‘that
for values of L/R ' equal to and greater -than 3. 2 the buckling stress -

Ty Valies approximately as (t/R)S/QN/“ZL as shown in figure 57. It
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was therefore assumed that, for_idéntical values of b, 4, oy, and Py

the critical shearing stress for the general instability of a stiffened
cylinder would vary as the reciprocal of RCV4. In order to verify this
agsumption, a number of tests were conducted on 16-inch-radius specimens
and various values of d and b. A plot of Tp,, @8 a function of
,NfEE R3/% for the 10— end 16-inch specimens is shown in figure 58. These
results indicated that the assumption was Justified and it was therefore
concluded that the parameter for predicting gemeral inetabllity in tor-
gion is of the form:

JWR

f(.px,' oy)
From dimensional reasoning, it follows that the function f(px,py) must

have the dimensions of the 7/4 power of a length. The simplest assump—
tion for the function which determines the influence of the section param—
eters, py, and Py s is that 1t depends on only the geometrical mean

The parameter therefore appears in the form:

3 /4

value ./ o, 0o p}C py

’bd

/ px py <f

In checking the validity of this parameter, it is necessary to evaluate
the amount of sheet acting with the frames and longitudinals in order to
calculate px and Oy - It is quite difficult to evaluate by analytic
means the amount of sheet acting with the reinforcing members; trial cal—
culations indicated that the best results were obtained if the total
width of sheet was used. For this reason px and Py Wwere calculated
with the entire width of sheet assumed to be effective. The variation of
Py and Py with flat sheet assumed, as a function of the effective

width of sheet w, is shown in figures 59 to 63.

Specimens were also tested in which both the sheet thickness and sec—
tional properties of the longitudinals were varied. The results of all
tests are shown plotted in figure 64. It is seen that up to values of
10,000 pounds per square inch all test values scatter closely about a
straight line. For higher values of Ty, there is a sudden shift in
the experimental values. However, the majority of tests again follow a
straight line having the same slope as the line corresponding to the
lower values of Tmax+ Since the observed disgonal-tension field varied

between about 30° to 50°, it is seen from equation (3) (see appendix)

that for a shear stress of 10,000 pounds per square inch the correspond—
ing tensile stress would be between 20,000 and 23,000 pounds per square
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inch. It was thought that this tensile stress might be sufficiently close
to the proportional limit of the eheet covering to explain the sudden
ghift in the experimental values, However, an ezamination of the stress—
strain curves (fige. 9 to 12) indicates that the tensile stress at a
ghear stress of 10,000 pounds per square inch is vell below the propor-
tional limit. - o .

A more desirable presentation of the test data would be to plot
3 /4

p, P p, P
T__n;@; against / --x-gal (“/—3-1-2-—1> , since Tmax/GE corresponds to the
i) / .

shearing strain 7. Such a presentation would be more general and would
allow for meterials of different physical properties or for changes in

the physical properties above the proportional limit, It had not been re—
alized at the beginning of the test program that 1t would be desirable to.
obtain a measure of T/GE at failure. For this reason angular deforme~

tions were measured on only a rumber of specimens. Not enough measure-
ments are available to make such a plot. A plot of Tmax/E as a func-

3/4

tion of fb%i§1</Eb%§ﬁ§> ie given in figure 65. The value of E

in this figure corresponds to that of the sheet covering and was taken as

107 pounds per square inch, since this is very close to the actual test
values obtained for the sheet.

It should be noted that the curve of figure 65 as presented 1s
strictly applicable to the aluminum alloys tested. However, an estimate
of the failing stress of a reinforced cylinder of different material can
be obtained by calculating the numerical value of the parameter and as—
certaining the value of Tyax/g from the curves of figure 65.

CONCLUSIONS

The over—all general—instability test program was undertaken te fur-
nish the designer with sufficient information to enable him to make am
estimate of the allowable general—instability stress of a reinfoyced
metal cylinder. With the completion of the pure—torsiom--loading program
sufficient information is available to estimate the general-igetability
stress for a variety of loading conditions, that is, pure bending; pure
torsion; combined bending and torsion; and combihed bending, trapgverse
shear, and torsion. -~ ' ' : ’
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The quantities involved in the parameter were all varied through a
sufficient range to verify the generality of the parameter. The gudden
break which occurs in the summery curve of general-—instability fallyre
has not been adequately explained. However, it is thought that it is
connected with a variation in the physical properties of the various
structural elements of the reinforced cylinder rather than a breakdown
of the parameter. The reason for this statement is that gf the eight
specimens which failed above a shear stress of 10,000 pouhds per square
inch, one specimen fallg on the original curve and the other seven on a
curve which is parallel to the original curve. The parameter as derived
does not itself give the numerical value of the ultimate stress, but de—
fines essentially the slope of the ultimate-stress curve. If the s?earm
ing stress at failure Tpgxy Wwere replaced by & measured shear—strain
deformation the experimental results might fall on a single curve. If,
for example, in the pure—bending parameter of reference 5 the measured
unit strain were replaced by a calculated stress corresponding to the
ultimate bending moment the experimental results would not fall on a
single curve. ' ' ' S , _

California Ingtitute of Technology,
Pasadena, Calif., March 5, 1946,

APPENDIX
INDUCED LONGITUDINAL STRAIN

In considering a sheét panel bounded by two lopgitudinal stringers
and the end mounting rings as shown in figure k(a), it can be seen that,
upon buckling, the diagonal-tension field produces horizontal components
of force on the two end rings. The end plate to which one mounting ring
is bolted is fixed to the base of the testing machine; whereas the other

. end plate is mounted on rollers and is free to move. Therefore, the hor-
izontal force components must be registed by the longitudinal stiffeners.

By considering an,elemeht'of'sheét_of'unit width (fig.:4(®)), the
following relations can be derived: - I o

P=t ot cos o
PV'='P'sin'a‘élt dt sin a cos a =.t=T_

from which
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ot = T/sin a cos a = 27/sin 2 v (3)

Py=Pcos a=toy cos® a =t Tcot a

‘Bince the dlagonal~ten81on field exists only beyond the buckling
stress Ty 1t follows that : :

,?H = t(1 = Tor) cOt @

'The’totai hqrizdhtal éompohent.of force around the circumférénde-iS‘*
PRyoy T emet<T'~.1§r),cot @

And the unit strain in t’he _J.oplgiltudinals‘f 1s given by:

Qﬂt (T - Tcr) cot o B :‘ o U (ﬁ)
'n Aqt B L ) EER

; cst ,

where
n number of longitudinals

A g area of a longitudinal g
By using the relation of equation (l), equation (h) can be written
in the form,

(MT —- MIey) cot a

€gp =7 : (5)
gt ' R Ast E ,

In order to ccmpare the valués of unit strain given by equation (5) »
with experimental values, it is necessary to know the value of MTcr’

For purposes of comparison, the value of the moment. at which a sharp '
change occurs-in the slope. of the moment-strain curve, was consldered to
be MTcr-_ A comparison of measured and calculated. unit -strains is pre~
sented in figures 66 and 67. For the calculated strains, the value of
a was assumed to be 450. It is seen that for the particular stiffeners
of figure 67 the agreement  is quite good; whereas for the two stiffeners
of figure 66 the agreement is rather poor. A check of avallable photo—
graphs indicated that o« varied between 30 and’ 50 -depending on the
reinforcement spacing. By using the appropriate value of «, therefore,
a closer agreement may be obtained. For example, the value of « for
specimen 208 appears from the photographs to be slightly greater than
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45° and for specimen 209 slightly less -than 45°. Im both cases, these
angles tend to improve the agreement between calculated and measured val-
ues. For specimens 196 and 200, photographs are not qvai;able.

It should also be noted that there is considerable variation in the
measured unit strain between longitudinals for a given teet specinen.,
It is thought that, in general, equation (5) will give values sufficient—
ly accurate for design purposes provided the correct velue of & ie used.
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Fig. 3 | NACA TN No. 1197

NOTE: All drawings are twice actual size
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NACA TN No, 1197

Shear Modulus G X 10 ° |bs,/$q- in.

Sheor Modulus G X 10° lbs,/sq n.

Shear Stress T X 10 lbs./sq.m.

FIGURE 51
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Figs. 52,53

Shear Modulus 6 X lO’c \bs_/sq.m.
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NACA TN No. 1187
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NACA TN No. 1197

Figs. 58,59
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Figs. 80,61
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NACA TN No. 1197

INCH-LBS. X10-3

APPLIED TORQUE

INCH-LBS.X 10-4

APPLIED TORQUE

Figs. 66,67
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